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We examined energy transfer dynamics in phycobilisomes (PBSs) of cyanobacteria in relation to the morphology and pigment compositions of
PBSs. We usedGloeobacter violaceus PCC 7421 and measured time-resolved fluorescence spectra in three types of samples, i.e., intact cells, PBSs,
and rod assemblies separated from cores. Fremyella diplosiphon, a cyanobacterial species well known for its complementary chromatic adaptation,
was used for comparison after growing under red or green light. Spectral data were analyzed by the fluorescence decay-associated spectra with
components common in lifetimes with a time resolution of 3 ps/channel and a spectral resolution of 2 nm/channel. This ensured a higher resolution of
the energy transfer kinetics than those obtained by global analysis with fewer sampling intervals. We resolved four spectral components in
phycoerythrin (PE), three in phycocyanin (PC), two in allophycocyanin, and two in photosystem II. The bundle-like PBSs of G. violaceus showed
multiple energy transfer pathways; fast (≈10 ps) and slow (≈100 ps and ≈500 ps) pathways were found in rods consisting of PE and PC. Energy
transfer time from PE to PC was two times slower in G. violaceus than in F. diplosiphon grown under green light.
© 2007 Elsevier B.V. All rights reserved.Keywords: Chromatic adaptation; Energy transfer; Phycobilisome; Time-resolved fluorescence; Gloeobacter violaceus1. Introduction
Photosynthetic organisms possess specific antennae that
capture light energy and subsequently transfer excitation energy
to the reaction centers where primary photochemical reactions
take place. Cyanobacteria are the most primordial among
oxygenic photosynthetic organisms, and their antenna systems
consist of phycobiliproteins that form a supramolecular
assembly, the phycobilisome (PBS), located outside of the
thylakoid membranes [1–11]. Two types of PBSs are found
in cyanobacteria and red algae; the hemidiscoidal form and
the hemiellipsoidal form. The hemidiscoidal PBS has beenAbbreviations: APC, allophycocyanin; FDAS, fluorescence decay-asso-
ciated spectra; PBS, phycobilisome; PC, phycocyanin; PE, phycoerythrin; PS,
photosystem; SVD, single value decomposition; TRFS, time-resolved fluores-
cence spectra
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doi:10.1016/j.bbabio.2007.11.001extensively studied [1,12], and the rod and the core structure
were found. Phycobiliproteins are classified into three types;
phycoerythrin (PE), phycocyanin, (PC) and allophycocyanin
(APC). Each phycobiliprotein forms trimers or hexamers with
specific linker proteins [11]. Crystal structures of individual
phycobiliproteins have been well resolved from many different
organisms [5,6,13], however the structures with linkers are still
unknown for PE and PC. Optically, PE shows the highest energy
level among the three and it contains phycoerythrobilin as
chromophores, except for some organisms in which an addi-
tional chromophore, phycourobilin, is also present. PC and APC
both contain phycocyanobilin as chromophores, and PC has a
higher energy level than APC as a result of interaction with
protein [5].
The most primordial cyanobacterium, Gloeobacter violaceus
PCC 7421, which was scraped from the surface of limestone in
Switzerland, has a bundle-like PBS that is attached to the
cytoplasmic membranes, not to the thylakoid membranes [14–
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teria. It lacks thylakoid membranes but has only cell membranes
that lack sulfoquinovosyl diacylglycerol [17]. A few genes
encoding subunits of photosystem II (PS II) are missing (psbY,
psbZ and psb27) [18]. The PBS does not possess a rod-core
linker (LRC) CpcG, but contains two new linker proteins, CpeG
and CpcJ [16], and the unusual CpcC [19]. The former two have
sequences corresponding to proteins with three linker motifs in
tandem. It was proved that CpeG functions as a rod linker (LR)
connecting PE and PC, while CpcJ functions as an LRC
connecting PC and APC [16,18]. Three rod elements are
associated by the CpcJ to form a large rod called the rod
assembly (Fig. 1a). These two linkers support a unique bundle-
like morphology of PBSs in G. violaceus that may cause
differences in energy transfer processes and/or kinetics.
Excitation energy transfer processes in PBSs have been
examined by steady-state spectroscopy and time-resolved
spectroscopy [20–22]. Transfer kinetics or transfer processes
have sometimes been discussed in relation to PBS morphology.
Furthermore, energy transfer process(es) in sub-components of
PBSs, which were isolated from cells or PBSs, were also
discussed. For example, Zhang's group estimated the time
constant for energy transfer from PC (rod) to APC (core) as
18 ps based on phycobiliprotein crystal structures and time-
resolved fluorescence spectra (TRFS) of the rod-core complex
[23]. Yamazaki and co-workers focused on the isolated APC-B
trimer with a linker polypeptide, and showed that the APC-B
trimer contains an energy-sink subunit, the α-subunit of APC-
B, to which an energy transfer occurs with a time constant of
140 ps at −196 °C [24].
Energy transfer processes of PBSs have been analyzed by
time-resolved fluorescence spectroscopy because a large shift of
the fluorescence peaks can be clearly observed. A combination
of the fluorescence decay curves and global analysis yielded
fluorescence decay-associated spectra (FDAS), which is
comparable to decay-associated spectra (DAS) in absorption
changes. Time resolution has improved during the last 20 years,
however spectral resolution has not necessarily been fully
improved. In the present study, we examined energy transferFig. 1. Models of PBSs in a) G. violaceus and b, c) F. diplosiphon grown under two l
(CpeG), and it attaches to the core via a novel linker, CpcJ. Schematic model of hemi
grown under red light.dynamics in G. violaceus by means of picosecond time-
resolved fluorescence spectroscopy with an improved spectral
resolution. We used three samples prepared from G. violaceus,
i.e. intact cells, isolated PBSs, and isolated rod assemblies.
Fremyella diplosiphon shows a complementary chromatic
adaptation, and was used as a control. In intact PBSs of G.
violaceus, a rod assembly contains three rods of PE and PC, and
two such rod assemblies may interact with each other (Fig. 1a).
On the other hand, when rod assemblies are separated from the
core, CpcJ is not associated with rods [16], therefore a rod
assembly consists of three rods, and each of the rods is
composed of three PE hexamers and three PC hexamers. In PE,
chromophores are comprised of phycourobilin in addition to
phycoerythrobilin. The APC core consists of three dodecamer
units and two hexamer units. The former contains APC, APC-B,
core-membrane linker or LCM (ApcE), 18.3 kD protein (ApcD),
and LC (ApcC). On the other hand, F. diplosiphon can change
the composition of phycobiliproteins in response to light quality
[25]; this is known as complementary chromatic adaptation.
The cells grown under green light synthesized PE, PC, and
APC, and those grown under red light synthesized only PC and
APC. Changes in the pigment composition are reflected as
changes in the composition of PBS rods, i.e. the PE-PC rods of
the green-grown cells or the PC rods in the red-grown cells, and
there are three hexamers in total under both growth conditions.
As shown in Fig. 1, morphology and pigment contents differ
between G. violaceus and F. diplosiphon, which may cause
differences in the energy transfer processes and their kinetics.
Here, we examine these points and discuss the transfer
processes in relation to the morphology of PBSs.
2. Materials and methods
G. violaceus PCC 7421 was cultured autotrophically in BG-11 medi-
um under fluorescent light (10 μE m−2 s−1) at 25 °C [14]. F. diplosiphon IAM
M-100 was cultured autotrophically in BG-11 medium at 25 °C. Light
conditions for the red-grown cells were a combination of red fluorescent light
(FL10P, Mitsubishi/Osram) and a four-layer red vinyl chloride filter (AH143,
0.5 mm thickness, Sekisui-seikei, Osaka, Japan). For the green-grown cells,
green fluorescent light was used (FL10G, Mitsubishi/Osram) with a green vinylight conditions. A rod assembly consists of three rods bundled by a novel linker
discoidal PBS in b) F. diplosiphon grown under green light and c) F. diplosiphon
Fig. 3. Fluorescence spectra (black line) and its second derivative spectra (gray
line) of a) intact cells, b) PBSs, and c) rod assemblies of G. violaceus. Spectra
were measured at −196 °C, and spectral sensitivity of the apparatus was
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PBSs were isolated from G. violaceus, and rod assemblies were separated from
PBSs by methods described by Koyama et al. [16].
Absorption and steady-state fluorescence spectra were recorded using a
spectrophotometer (Hitachi 557) and a spectrofluorometer (Hitachi 850),
respectively. The spectral sensitivity of the fluorometer was corrected by
the radiation profile of the standard lamp (Hitachi, Japan). The second
derivative spectra were obtained by the method developed by Savitzky and
Golay [26]. TRFS were measured by the time-correlated single-photon
counting method at −196 °C [27]. Samples were mixed with the same volume
of poly(ethylene glycol) 4000 (30%, w/v) (Wako Pure Chemicals, Japan) to
obtain homogeneous ice and were frozen in the dark. The light source was a
Ti:sapphire laser and the excitation wavelength was 398 nm, which brought
about excitation of phycobiliproteins and/or Chl a. An absorption probability
of phycobiliproteins is almost proportional to amounts of individual proteins.
Spectral data were measured with a 2-nm interval and stored, and TRFS were
reconstructed afterwards. FDAS were calculated as follows: fluorescence
decay curves were deconvoluted using free-running exponential components
with an instrument function. After deconvolution, the time resolution was
improved to approximately 3 ps. All the decays were re-analyzed using the
same lifetime parameters. The amplitudes of these exponential components as
a function of emission wavelength provided FDAS [28]. Spectral decom-
position analysis was also performed and similar results were observed (data
not shown) [20].
3. Results
3.1. Steady-state absorption and fluorescence spectra
Fig. 2a shows the absorption spectra of intact cells, PBSs,
and rod assemblies of G. violaceus at room temperature. PE
exhibited two peaks at 502 nm and 565 nm with a shoulder atFig. 2. Absorption spectra of G. violaceus and F. diplosiphon at room
temperature. a) Intact cells (dot-dashed line), PBSs (solid line), and rod
assemblies (dotted line) of G. violaceus. b) Intact cells of the F. diplosiphon
grown under green light (dot-dashed line) and under red light (solid line); spectra
were normalized at 678 nm.
numerically corrected. Excitation wavelength was 500 nm.550 nm in all samples. These peaks originated from phycour-
obilin (502 nm) and phycoerythrobilin (550 nm and 565 nm). PC
showed a peak at 624 nm and APC at 650 nm, and those
originated from phycocyanobilin. The absorption spectrum of
rod assemblies demonstrated the absence of APC. Chl a showed
two peaks at 440 nm and 680 nm in the spectrum of intact cells,
corresponding to the Soret and Qy bands, respectively. The
absorption spectra of intact cells of F. diplosiphon at room
temperature are shown in Fig. 2b. The green-grown cells showed
a peak of PE at 565 nm, but the 502-nm bandwas not recognized,
indicating the lack of phycourobilin. The red-grown cells
showed the peak of PC at 624 nm, but PE peaks were not
detected. The APC and Chl a peaks were located at 650 nm and
680 nm, respectively.
Fig. 3 shows fluorescence spectra of the three samples of G.
violaceus at −196 °C upon excitation at 500 nm. In the case of
intact cells, four apparent maxima were observed at 582 nm,
647 nm, 660 nm, and 686 nm. Fluorescence bands were clearly
resolved by the second derivative spectrum, and shown to be
located at 573 nm, 582 nm, 640 nm, 646 nm, 651 nm, 662 nm,
685 nm, and 695 nm; these came from PE, PE, PC, PC, PC,
APC, PS II Chl a, and PS II Chl a, respectively. There was no
PS I Chl a fluorescence at 720–740 nm, which is consistent
with results of previous studies [29,30]. Isolated PBSs showed
spectra with a few differences (Fig. 3b); the peak of PE was
detected at 573 nm and 582 nm, and PC bands were resolved to
Fig. 5. Time-resolved fluorescence spectra of a) intact cells, b) PBSs, and c) rod
assemblies of G. violaceus at −196 °C. Fluorescence intensity is expressed as a
gradation shown in the upper side of the figure, and black indicates a low
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662 nm, and the terminal components of PBSs were resolved to
two, i.e. at 682 nm and 684 nm. The presence of plural terminal
components was consistent with a report on Nostoc sp. [31]. In
the long-wavelength region, vibrational bands of APC were
detected at 748 nm and 770 nm, where energy differences from
the main band were 1250 cm−1 and 1630 cm−1, respectively
[32]. In the case of rod assemblies, the main emission of PC was
located at 652 nm, and due to its high intensity, an emission of
PE was apparently low (Fig. 3c). Vibrational bands of PC were
localized at 711 nm and 732 nm.
Fluorescence spectra of F. diplosiphon intact cells at
−196 °C upon excitation at 398 nm are shown in Fig. 4. In
the case of the green-grown cells (Fig. 4a), five maxima were
observed at 584 nm, 648 nm, 662 nm, 685–695 nm, and
739 nm, and those came from PE, PC, APC, PS II Chl a and PS
I Chl a, respectively. The red-grown cells exhibited only four
maxima at 651 nm, 662 nm, 685–695 nm, and 739 nm coming
from PC, APC, PS II Chl a and PS I Chl a, respectively
(Fig. 4b).
3.2. Time-resolved fluorescence spectra
Fig. 5 shows reconstructed TRFS of G. violaceus at −196 °C
represented in contour, with time expressed as a logarithmic
scale. The TRFS of intact cells initially showed maxima of PE
and PC fluorescence at approximately 560 nm and 630 nm,
respectively (Fig. 5a). These peaks showed a red-shift with
time; the former shifted to 582 nm with a shoulder at 572 nm,
and the latter to 651 nm, reflecting energy transfer among
individual phycobiliproteins. These fluorescence signals origi-
nated from phycoerythrobilin in PE and phycocyanobilin in PC,
respectively. PE contains phycourobilin as a chromophoreFig. 4. Fluorescence spectra (black line) and its second derivative spectra (gray
line) of intact cells of F. diplosiphon grown under a) green light and b) red light.
Spectra were measured at −196 °C, and spectral sensitivity of the apparatus was
numerically corrected. Excitation wavelength was 398 nm.
intensity. The sampling interval of the original data was 2 nm.(Fig. 2a), which is expected to exhibit fluorescence at approxi-
mately 515 nm originating from the 502-nm absorption band.
However, no significant fluorescence peak was observed in this
wavelength region for all the samples examined here, even
though this region was not shown in the figure. This suggested
that energy transfer from phycourobilin was an ultrafast process
that was shorter than our time resolution. In the APC spectral
region, a peak at 660 nm appeared in 50–100 ps, but fluores-
cence from the APC terminals was not detected. Instead, Chl a
fluorescences of PS I and PS II were clearly detected. The
fluorescence from PS I Chl a arose at approximately 690 nm
(Mimuro et al., unpublished) and that from PS II Chl a at
684 nm. The blue-shift of the maxima with time reflected that
Chl a fluorescence at the longer wavelength region (PS I)
decayed with a shorter lifetime than that of PS II.
The TRFS of PBSs just after excitation were essentially the
same as that of intact cells except for the absence of Chl a
fluorescences (Fig. 5b). In the time-region of 100 ps, the PC
maximum remained around 640 nm, showing a lack of the fast
energy pathway from the PC 640-nm form (hereafter, we denote
the spectral form by a name of phycobiliprotein and peak
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Associated with decay at 660 nm in the time-region of 200 ps,
the APC terminal emitter appeared at 682 nm (APC-B and/or
LCM), which indicates the slow energy transfer from APC660 to
the APC terminal emitter. The maximum of the APC terminals
was located at 682 nm, a significantly shorter wavelength than
that of Chl a in intact cells.
In rod assemblies, PE and PC exhibited fluorescence peaks at
the same wavelength as those in intact cells and PBSs at the
very beginning (Fig. 5c). However, the PE peak did not shift to
582 nm; the peak remained at 572 nm with a shoulder at
582 nm, showing PE572 could not efficiently transfer their
energy to PE582. The 651-nm PC emission arose in 400 ps,
indicating slow energy transfer to the PC terminal emitter at
651 nm.
Fig. 6 shows TRFS of F. diplosiphon intact cells at −196 °C
represented in contour. The green-grown cells showed the
dynamic red-shift in PE, PC, APC, and PS II Chl a regions, and
the fluorescence intensities decreased faster than inG. violaceus
in all wavelength regions (Fig. 6a). In a longer time-region
(approximately 200 ps), five peaks remained at 582 nm,
647 nm, 665 nm, 693 nm, and 735 nm; those originated from
PE, PC, APC, PS II Chl a, and PS I Chl a, respectively. The
TRFS of the red-grown cells of F. diplosiphon were essentially
identical to those of the green-grown cells except for the lack of
PE fluorescences (Fig. 6b). A new band was observed around
650 nm; this was a feature of the red-grown cells and it might
correspond to the red-most form of PC, suggesting the presence
of an additional PC hexamer contributing to fast energy transfer
within PC. A short-lived component at 615 nm was scarcely
observed (see later).Fig. 6. TRFS of intact cells of F. diplosiphon −196 °C grown under a) green
light and b) red light. Fluorescence intensity is expressed as a gradation shown in
the upper side of the figure, and black indicates a low intensity. The sampling
interval of the original data was 2 nm.4. Analysis based on fluorescence decay-associated spectra
We applied the FDAS method to resolve TRFS into spectral
forms of pigments with the same rise and decay profiles (Fig. 7
for G. violaceus and Fig. 8 for F. diplosiphon). The number of
lifetime components was estimated independently by the single
value decomposition (SVD) method. In FDAS, negative and
positive bands indicate rise and decay kinetics in populations in
the excited state, respectively. Coupling of negative and positive
bands is a clear indication of energy transfer from the pigments
giving the positive band to those giving the negative band.
However, in some cases, only a negative band is resolved.
One explanation is that an energy donor (D) transfers energy
to an acceptor (A1) with a faster time constant than our time
resolution, and subsequent energy migration occurs within the
same kinds of acceptors (D→A1→ A1). In this case, no clear
positive peak of the energy donor (D) would be observed in the
shorter wavelength region of a negative band of energy
acceptors (A1). The other explanation is that an energy acceptor
(A1) transfers energy to the next acceptor (A2) faster than it
receives energy from a donor (D) in a sequential energy transfer
chain (D→A1→A2). In this case, the latter process (A1→A2)
is resolved as a negative component in fluorescence kinetics of
A1 and the former (D→A1) as a positive component.
4.1. FDAS of G. violaceus
For simulation of FDAS, common lifetimes were adopted for
intact cells, PBSs, and rod assemblies, and the results are shown
in Fig. 7. To analyze the TRFS of intact cells, five components
were necessary (SVD analysis): shorter than 10 ps (hereafter
referred to as the 10-ps component), 35 ps, 95 ps, 420 ps, and
longer than 1 ns (hereafter referred to as the long-lived
component). For rod assemblies and PBSs, the shortest lifetime
component was not resolved, but four components were
sufficient (35-ps, 95-ps, 420-ps, and a long-lived component).
Hereafter, FDAS were analyzed more in detail in individual
samples.
4.1.1. FDAS of G. violaceus intact cells
The 10-ps component was resolved only in intact cells. A
negative peak at 572 nm mainly contributed to this component.
There was no positive signal in any lifetime component in the
wavelength region shorter than 572 nm, therefore there may be
an unresolved energy donor transferred to PE572 with a time
constant faster than our time resolution. Phycourobilin in PE
was most probably the energy donor to PE572 as shown by the
steady-state absorption spectrum (Fig. 2a). Negative peaks were
recognized also in the PC region. However, because of
arrangement of chromophores and discs, these could not be
assigned to energy transfers from phycourobilin. As discussed
later, the negative peaks in PC region were also detected in
green light grown F. diplosiphon that contained only phycoer-
ythrobilin in PE. Therefore, it is likely that the negative peak
mainly comes from fast energy transfer in PC. Coupling of a
negative 640-nm band in the 10-ps and 35-ps components and a
positive 640-nm band in the 95-ps and 420-ps components
Fig. 7. FDAS of intact cells, PBSs, and rod assemblies of G. violaceus. FDAS were resolved on the basis of TRFS shown in Fig. 5. Note that FDAS amplitudes were
normalized at PE wavelength region. Vertical dashed lines indicate locations of typical bands at 560, 572, 578, 582, 640, 646, 651, 660, and 680 nm.
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≈420 ps), followed by a subsequent faster energy transfer
(b10 ps and 35 ps) in PC. The existence of positive peaks in the
PE region in the 95-ps and 420-ps components confirmed this
slower PE→PC energy transfer.
A fast energy transfer pathway from PE560 (a positive peak)
to PE578 (a negative peak) in PE was recognized in the 35-ps
component, however PE572 was not involved in this pathway.
APC660 exhibited a negative peak in the 35-ps component,
indicating a fast energy transfer from PC to APC660, which is
consistent with the previous result [23]. A positive peak at
690 nm in the 35-ps component came from PS I Chl a [33]. A
positive peak around 685 nm came from PS II Chl a [22,34]. PS
I Chl a showed a small amplitude in the 95-ps component
around 680–690 nm [33], however it was no longer observed in
components with a longer lifetime. The 420-ps component
showed a positive peak at 578 nm, indicating PE578 also
transfers energy to PC with this time constant. A peak around
682 nm originated from both the APC terminal emitter(s) and
PS II Chl a [22,34].
Time constants of the long-lived component varied in
wavelength, indicating decay of individual fluorescence
components. In the PE region, a positive peak at 582 nm with
a broad band around 608 nm decayed with a time constant of2.5 ns, which is identical to the lifetime of isolated PE hexamer
[20]. On the other hand, in the PC–APC region, positive peaks
around 650 nm and 660 nm with a shoulder around 640 nm
decayed with a 1.8-ns lifetime, which is identical to the lifetime
of isolated PC and APC [20]. These data indicate that the long-
lived component mainly reflects fluorescence from the
chromophores that did not virtually transfer energy to other
chromospheres. A positive peak at 684 nm, which decayed with
a 2.1-ns lifetime, came from PS II Chl a [34,35]. The
amplitudes of long-lived components were lower than 10%,
indicating that an over-all energy transfer efficiency from
phycobiliproteins to Chl a is not necessarily high.
4.1.2. FDAS of G. violaceus PBSs
In PBSs, the whole fluorescence decay curves were
simulated by four components; the 10-ps lifetime component
was not resolved. The 35-ps component was similar to that of
intact cells except for a slight blue-shift of the negative peaks. In
intact cells, the fast energy transfers occurred at PE572 and
PC640 (b10 ps).
The 95-ps component of PBSs in the PE region showed
peaks at almost the same wavelengths as that of intact cells,
showing energy transfer from PE572. In the PC region, the 95-ps
component of PBSs showed negative peaks, whereas that of
Fig. 8. FDAS of F. diplosiphon growth under green light (solid line, left axis)
and red light (dashed line, right axis). FDAS were resolved on the basis of TRFS
shown in Fig. 6. Each spectrum was normalized at Chl a wavelength region.
Vertical dashed lines indicate locations of typical bands at 560, 572, 578, 584,
615, 640, 646, 654, and 662 nm.
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bution of the fast energy transfer (b10 ps) in PC was negligibly
small in PBSs. A negative peak at 682 nm in the 95-ps com-
ponent was assigned to a fast phase of an energy transfer to
APC682. In the APC region of the 420-ps component, a positive
peak around 660 nm and a negative peak at 682 nm was
observed, indicating a slow energy transfer from APC660 to
APC682.Fig. 9. Schematic model for energy transfer pathways in PBSs of G. violaceus and F.
of FDAS measured at −196 °C. Four types of arrows indicate differences in the ener
were resolved by FDAS analysis. Asterisks and a double asterisk indicate the path
assemblies and only in rod assemblies, respectively.The long-lived component of PBS was almost the same as
that of intact cells except for behaviors of the red-most
fluorescence in each fluorescence region; (i) in the PE region,
a broad band around 608 nm, which was specifically found in
intact cells, decreased in relative intensity against the 582-nm
band, (ii) in the PC region, the 650-nm band decreased in
relative intensity against the peak around 640 nm, and (iii) in the
APC region, a positive peak was observed at 682 nm, which
came from the APC terminal emitter (APC682) (APC-B and/or
LCM) with vibrational bands at 750 nm and 768 nm (Fig. 3b).
4.1.3. FDAS of G. violaceus rod assemblies
In rod assemblies, the whole fluorescence decay curves were
simulated by four components, as is the case for PBSs; the 10-ps
lifetime component was not necessary for the best fit. The four
components showed similar spectra to those observed in PBSs,
but two distinctive features were recognized. Firstly, the 582-nm
band was clearly resolved in all the lifetime components;
however, the 572-nm band became dominant in the long-lived
components. This suggests that some routes of the
PE572→PE582 energy transfer pathway (95 ps) were lost in
rod assemblies. The slow energy transfer pathway (95 ps) from
the PE582 was conserved in rod assemblies. Secondly, PC651
showed negative peaks in the 95-ps and 420-ps components and
a positive peak in the long-lived component, which reflects that
PC651 works as an energy reservoir due to the lack of PC→APC
energy transfer in rod assemblies. A characteristic decay process
in rod assemblies was the slow energy transfer among the
pigments that transfers energy to the terminal form of PC. The
420-ps components of intact cells and PBSs showed the positive
peak at 640 nm with a valley around 654 nm, indicating the
conservation of the slow energy transfer in intact cells and PBSs.
4.1.4. Energy transfer in G. violaceus
Based on the analysis of FDAS, we concluded the following
energy transfer pathways (Fig. 9). Phycourobilin probably
transferred energy to PE572 (the 10-ps component). PE582diplosiphon grown under two light conditions. Models were shown on the basis
gy transfer rate; thicker arrows indicate faster energy transfer time constants that
ways that occurred with longer time constants both in isolated PBSs and rod
62 M. Yokono et al. / Biochimica et Biophysica Acta 1777 (2008) 55–65accepted energy from PE572, and subsequently transferred
energy to PC slowly (the 95-ps components). PE578 also
accepted energy from PE560 (the 35-ps components), and
subsequently transferred energy to PC more slowly (the 420-ps
components). We concluded the presence of multiple energy
donors to PC, i.e., PE578 and PE582. PC640 accepted energy from
PE slowly (the 95-ps and 420-ps components) and transferred
energy quickly toward PC651 (the 10-ps component). The large
energy migration process before energy transfer to PC651 may
result from the slow energy transfer pathway (the 420-ps
components). APC660 accepted energy from PC (the 35-ps
components), and transferred energy to APC682 (the 95-ps and
420-ps components).
4.2. FDAS of F. diplosiphon
Fig. 8 shows FDAS of F. diplosiphon. We analyzed the
decay curves exclusively in the wavelength region up to PS II
Chl a (700 nm), because fluorescence intensities in the PS I Chl
a region were so high that they hindered the analysis of the
remaining low intensity region. Four components, i.e. a short-
lived component (b10 ps), 40-ps, 90-ps, and 500-ps compo-
nents, were necessary to fit to the whole decay processes.
Amplitudes of the lifetime component longer than 1 ns were
lower than 5% in the wavelength region shown in Fig. 8 (550–
700 nm); therefore, those were not included in the analyses.
Even by this treatment in the global analysis, the essential
results remained identical to those obtained after calculation of
the whole wavelength region. The numbers of peak positions
based on steady-state fluorescence measurements were smaller
than those based on FDAS, which indicates efficient energy
transfer in F. diplosiphon. The peaks that appeared in both
measurements mainly reflect the terminal energy donors in each
of the biliproteins.
4.2.1. FDAS of F. diplosiphon grown under green light
Chromophores of PE in F. diplosiphon are phycoerythrobi-
lins. In the short-lived component, the positive peak around
572 nm showed similar intensity to the negative peak around
578 nm (Fig. 8, full lines), which was different from G.
violaceus (Fig. 7). This may be related to absence of
phycourobilin in F. diplosiphon. The short-lived component
showed a negative peak around 646 nm with shoulders around
656 nm and 666 nm. Since PE584 of F. diplosiphon has 40-ps,
90-ps, and 500-ps components that are responsible for energy
transfers to PC, the negative peaks around 646 nm mainly
reflected slow energy transfer from PE to PC646 and a
subsequent fast energy transfer (b10 ps). In the PC–APC
region, the 40-ps component showed a positive peak around
640 nm and a negative peak at 662 nm with a negative shoulder
around 654 nm, which reflects energy transfer from PC640 to
APC662 via PC654. The positive peak around 640 nm showed
smaller integrated intensity than the negative peak around
662 nm. The positive amplitude (energy transfer to APC662) and
the negative amplitude (energy transfer from PE584) may have
cancelled each other at around 640 nm [36]. Reflecting slow
energy transfer from PE584 to PC, the 90-ps and 500-pscomponents showed peaks at 584 nm and around 650 nm. The
positive peak at 660 nm in the 90-ps and 500-ps components
may reflect a slow energy transfer from APC660. The 500-ps
component showed positive peaks at 584 nm, 650 nm, and
666 nm that came from PE, PC, and APC, respectively.
In the wavelength region longer than 680 nm, the fluores-
cence kinetics included energy transfer processes among the PS
II Chl a and those among the PS I Chl a [33,34]. The 690-nm
and 696-nm bands in the short-lived and 40-ps components
were assigned to the short-wavelength forms of the PS I Chl a,
whereas the 685-nm band in the 40-ps component and the bands
in 680–700 nm in the 90-ps and 500-ps components were
assigned to the PS II Chl a.
4.2.2. FDAS of F. diplosiphon grown under red light
Four components were necessary to fit to the whole decay
processes (Fig. 8, dashed lines); their time constants were set to
be identical to those found for the FDAS of the green-grown
cells. The short-lived components showed spectral features
depending on the light conditions for growth. In the red-grown
cells of F. diplosiphon, the main peak with a negative amplitude
was found at 654 nm, which was red-shifted by 9 nm compared
with the green-grown cells, probably reflecting successive fast
energy transfer in PC and APC. In addition, a positive peak
around 615 nm was observed, which came from the PC form
(PC615) induced under red light. Except for relative intensities
against the Chl a band, the FDAS of the 40-ps, 90-ps, and 500-
ps components of F. diplosiphon grown under red light were
similar to those of the green-grown cells; this indicated that
energy transfer processes remained identical, irrespective of
difference in the pigment composition of PBS rods.
4.2.3. Energy transfer in F. diplosiphon
Based on the analysis of FDAS, we concluded the
following energy transfer pathways (Fig. 9): PE572 transferred
energy to PE578 (the short-lived component). PE584 accepted
energy from PE578, and transferred energy to PC (the 40-ps,
90-ps, and 500-ps components). The energy donor to PC was
only PE584, and a subsequent fast energy transfer occurred in
PC (the short-lived component). The red-grown cells showed
PC615 additionally, which transferred energy quickly to PC (the
short-lived component). APC660 accepted energy from PC (the
40-ps component), and transferred its energy slowly (the 90-ps
component).
5. Discussion
Energy transfer processes of PBSs have been analyzed by
time-resolved fluorescence spectroscopy because fluorescence
peaks directly correspond to energy levels of pigments and
energy transfer is expressed as dynamic peak shifts or dynamic
peak alterations. A combination of the fluorescence decay
curves and global analysis yielded FDAS as similar to
absorption changes. Time resolution has improved during the
last 20 years, however spectral resolution has not necessarily
been fully improved. Our current analysis was conducted with a
spectral resolution of 2 nm and time resolution of 3 ps, however
63M. Yokono et al. / Biochimica et Biophysica Acta 1777 (2008) 55–65we cannot resolve the fastest energy transfer process between
two specific chromophores in APC that is known to occur in a
time range of 500 fs [37]. In addition, an intermediate that plays
a role of acceptor and donor at the same time with similar
efficiency cannot be detected by spectral analysis. Even under
these analytical conditions, we could resolve many spectral
forms that were shown by the second derivative spectra of the
steady-state spectrum and described their time behavior in this
study.
In hemidiscoidal PBS of F. diplosiphon, PE584 transferred
energy to PC (the 40-ps, 90-ps, and 500-ps components). These
values were similar to previously reported time constants of
60 ps, 91 ps, and 728 ps [38], even though differences in the
fluorescence maxima among the three were not mentioned. The
PC→APC energy transfer kinetics observed in the 40-ps
components was also consistent with the previous result [23].
These are energy transfers between different types of phyco-
biliproteins, such as PE to PC, or PC to APC. Energy transfer in
isolated PC and APC trimers has been studied previously
[37,39]. Intact cells and isolated PBSs of various cyanobacteria
were also measured by time-resolved spectroscopy [40–42].
Recently, transfer constants between two PC hexamers were
calculated using a semi-empirical approach, where the fastest
time constant is 13.7 ps [43]. However, the kinetics of energy
transfer between PE and PE, or PC and PC in PBSs rod structure
has not been measured well [12]. We analyzed kinetics more in
detail within PE and PC using the FDAS of intact cells, isolated
PBSs, and rod assemblies. Improved spectral resolution was
needed to reveal energy transfer kinetics between the same
types of phycobiliproteins. Critical points for analysis were the
presence of phycourobilin in PE of G. violaceus and energy
migration among rod assemblies in PBSs. As for F. diplosiphon,
differences in the pigment composition may induce new
spectral form(s) in PC, and this may link to the differentiation
of PC forms in PBSs.
Schematic models for energy transfer processes in the three
samples are schematically shown in Fig. 9 with spectral forms
and qualitative transfer times used for FDAS. In G. violaceus,
the very fast processes were observed in the transfer pathways of
phycourobilin→PE572 and PC646→PC651. The transfers from
phycourobilin and PE560 to PE578 were also fast. However, the
PE→PC transfer was slow, even though two pathways were
resolved. On the contrary, energy transfer in the PE of F.
diplosiphon grown under green light was fast even though four
spectral forms were resolved. Furthermore, the PE→PC transfer
was also fast. This may reflect the difference of linker protein
[16] and/or the large energy migration before energy transfer to
PC. The hemiellipsoidal PBS isolated from Porphyridium
cruentum, the rods of which also contain PE and PC [44,45],
showed both fast and slow PE → PC energy transfers,
subsequently to APC [40]. Therefore, we concluded that the
lack of fast pathway in the PE→PC energy transfer in G.
violaceus results from a different linker protein. F. diplosiphon
grown under red light contains an additional PC form and this
was involved in the fast transfer pathway. The PC→APC energy
transfer showed similar kinetics in the three cases. APC660
transferred energy to APC680 slowly (the 95-ps and 420-pscomponents of G. violaceus PBSs). These time constants
seemed slower than the constant of 55 ps observed in the
isolated APC-B trimer [24]. APC-B trimers formed the APC
core complex with APC trimers. A previous report showed 45-ps
and 110-ps time constants for the energy migration in the APC
trimer [23]. Large energy migration within the APC core
complex may relate to the slow energy transfer from APC660 to
APC680.
PC615 was specific in the red-grown cells of F. diplosiphon,
and the energy transfer from this form was very fast. The red-
grown cells contained two additional PC hexamers that are
induced under red light illumination (Fig. 1) [25]. Under green
light, these PC hexamers in F. diplosiphon were replaced with
PE hexamers. On the other hand, G. violaceus was considered
to contain three PC hexamers and three PE hexamers simul-
taneously. The short-lived component of F. diplosiphon grown
under green light showed no signal at 615 nm, whereas that of
G. violaceus showed a small negative signal (Figs. 7 and 8).
This suggests that most of PC615 does not attach directly to
APC. The energy transfer from PE may make the signal at
615 nm indistinct in G. violaceus. The negative peak around
646 nm showed lower intensity in F. diplosiphon grown under
red light, whereas that grown under green light showed peak
maxima around 646 nm. The time-dependent behaviors of other
lifetime components were very similar to those of the green-
grown cells, indicating the preserved energy transfer processes.
The bundle-like PBSs of G. violaceus showed slow kinetics
that may be caused by energy migration in rod assemblies. The
existence of slow pathways (95-ps and 420-ps components) does
not seem an appropriate property, however the S1 lifetime of
isolated phycobiliprotein is known to be much longer [24], thus
an over-all efficiency of energy transfer remains significant. On
the other hand, the bundle-like PBSs contain larger amounts of
biliprotein than the hemidiscoidal PBSs in the same basal area.
This is an advantage when G. violaceus harvests light energy
under low light conditions with its small surface area of cell
membranes.G. violaceus grows only under low light conditions,
therefore the bundle-like PBSs seem suitable for G. violaceus
growth.
We analyzed the energy transfer kinetics in the bundle-like
PBSs of G. violaceus and hemidiscoidal PBSs of F. diplosiphon
using global analysis of fluorescence decay curves with
improved spectral resolution (Fig. 9). The observed differences
in these two types of PBS are summarized as follows: (1) The
bundle-like PBSs of G. violaceus showed only slow energy
transfer pathways from the PE578 and PE582 to PC, which may
relate to a novel linker protein. The fast energy transfer from
PE578 to PE582 was not observed. (2) The presence of
phycourobilin in PE of G. violaceus contributes to the fast
energy transfer pathways to PE572 and PE578. The fast energy
transfer pathway from PE560 to PE578 was conserved between
two types of PBSs. (3) The energy migration processes in the
bundle-like PBSs slow down the effective energy transfer rates
to the terminal emitters (PE582 and PC651). The fast pathway
from PC to APC via PC646 and PC651 was similar between two
types of PBSs. (4) In the hemidiscoidal PBSs of F. diplosiphon,
the PC form induced under red light related to the fast energy
64 M. Yokono et al. / Biochimica et Biophysica Acta 1777 (2008) 55–65transfer to the other forms of PC, which was not the case in the
bundle type. The methods adopted in this study were useful for
analyzing antenna systems consisting of multiple components.
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